Hex is a homeobox gene that is expressed in all stages of B cell development except plasma cells. We studied lymphocyte development in the absence of Hex by using the RAG1-deficient blastocyst complementation system because homozygous disruption of Hex is embryonic lethal. Hex ؊/؊ ;RAG1 ؊/؊ chimeric mice had severely reduced numbers of mature B cells, pre-B cells, and CD5 ؉ B cells with a striking 15-fold increase in the percentage of B220 ؊ CD19 ؉ cells in the bone marrow. Hex ؊/؊ ;RAG1 ؊/؊ chimeric mice failed to generate IgG antibodies to T cell-independent antigens, although their serum IgM levels and antibody responses to T cell-dependent antigens were intact. Therefore, Hex is necessary for B cell development and function and its absence results in a dramatic increase in B220 ؊ CD19 ؉ cells.
T
he gene Hex encodes a homeobox-containing protein that is highly conserved among vertebrates and is necessary for normal embryonic development. Deletion of Hex by homologous recombination in mice is embryonic lethal and results in abnormalities in forebrain, thyroid, and liver development (refs. 1 and 2; C.W.B., unpublished results). Hex has also been implicated in endothelial and blood differentiation based on its expression in early hematopoietic and vascular cells in multiple species (3) (4) (5) (6) , the results of gain and loss of function experiments in zebrafish (7) , and on the finding of decreased granulocytic-macrophage colony counts in methylcellulose colony-forming assays using Hex Ϫ/Ϫ yolk sacs (2) . Interestingly, the expression of Hex is significantly up-regulated in B cell leukemias in AKXD mice, a recombinant inbred strain that develops predominantly B cell leukemia and lymphoma due to retrovirally mediated insertional activation of cellular proto-oncogenes (8) . These data suggest that Hex is necessary for early stages of B cell development, that expression levels of Hex must drop for terminal differentiation to occur, and that dysregulated expression of Hex may play a role in the pathogenesis of B cell malignancy.
Due to the fact that a null mutation in Hex is embryonic lethal, we generated Hex Ϫ/Ϫ ;RAG1 Ϫ/Ϫ chimeric mice to determine the necessity of Hex for lymphocyte development and function. RAG1-deficient mice fail to rearrange antigen receptor genes, resulting in a complete absence of mature T or B cells (9) .
Injection of pluripotent embryonic stem (ES) cells into RAG1
Ϫ/Ϫ blastocysts gives rise to chimeric animals in which any lymphocytes that develop past the pro-B cell or pro-T cell stage must be derived from the injected ES cells (10) . On generating Hex Ϫ/Ϫ
;RAG1
Ϫ/Ϫ chimeric mice we found that, in the absence of Hex, B cell development was almost completely arrested at the pro-B cell stage in the bone marrow, with a severe reduction of mature B cells in the periphery. Additionally, the small number of B cells that did mature failed to generate IgG antibodies to T cell-independent antigens and there was a marked increase in the proportion of B220 Ϫ CD19 ϩ cells, a rare population of cells that has previously been shown to contain bipotential B-macrophage progenitor cells (11) . Our results demonstrate that the homeobox transcription factor Hex is necessary for B cell development and function. In addition, mutation of Hex results in a dramatic increase in the rare B220 Ϫ CD19 ϩ cell population.
Methods

Generation of Hex
؉/؊ Mice, Hex ؊/؊ ES Cells, and RAG1-Deficient Blastocyst Complementation. The Hex genomic clone was isolated as a P1 clone by screening a commercially available 129͞SVJ ES cell library by using Hex-specific PCR primers as described (12 ). JET cells were derived from 129͞SVJ blastocysts (J.M., unpublished results). Two hundred twenty heterozygous clones were selected by using G418 (0.3 mg͞ml), and five of these were identified as having undergone homologous recombination by Southern blot analysis using a probe external to the 3Ј recombination site. Two heterozygous clones were injected into C57BL͞6J blastocysts to generate chimeric mice. Chimeric mice from one clone transmitted the mutant allele in the germ line, and these mice were interbred to produce Hex ES cell clones is combined. Genotyping of mice and tissues was performed by PCR analysis on DNA isolated from chimeric mouse tissues or mouse tail DNA by using a multiplex PCR reaction. Primer no. 2 (5Ј-ccctgtagcggtgagaagag-3Ј) corresponds to sequence that is present in the first intron of Hex and is present in both the WT and targeted alleles. Primer no. 1 (5Ј-agacgcaccaccatcaattt-3Ј) corresponds to sequence in intron 1 that is present only in the WT allele, and primer no. 3 (5Ј-ccacacgcgtcaccttaata-3Ј) corresponds to sequence in the neo gene, which is present only in the targeted allele. Therefore, one PCR reaction amplified both the WT and targeted allele, depending on which alleles are present. software (Becton Dickinson). Data are presented as the mean percent Ϯ SEM.
Analysis of B Cell Function. Serum IgM levels were determined by isotype-specific ELISA following the manufacturer's recommendations using horseradish peroxidase-conjugated detection antibodies (Southern Biotechnology Associates). Plates were analyzed on a Bio-Rad model 550 microplate reader at 415 nm. Serum IgM concentrations were determined based on the titration curve of standard IgM.
T cell-independent antibody responses were determined after immunization with 25 g of 2,4,6,-trinitrophenyl (TNP; ref. 24)-Ficoll (Biosearch) i.p. IgM and IgG 3 anti-TNP antibody levels were measured on day 7 after immunization as described for isotypespecific ELISA except that plates were coated with 1 mg͞ml TNP in PBS for 16 h at 4°C. Relative levels of anti-TNP antibodies were determined based on the optical density measurements.
T cell-dependent antibody responses were determined after immunization with keyhole limpet hemocyanin (KLH; Calbiochem) in complete Freund's adjuvant (50 g per mouse) i.p. IgM and IgG 1 anti-KLH antibody levels were measured on days 7 and 19 after immunization, respectively, as described for isotype-specific ELISA except that plates were coated with 1 mg͞ml KLH in PBS for 16 h at 4°C. Relative levels of anti-KLH antibodies were determined based on the optical density measurements.
Results
B Cell
Development Is Severely Impaired in the Absence of Hex. We generated chimeric mice in which Hex Ϫ/Ϫ ES cells were injected into RAG1 Ϫ/Ϫ blastocysts. We first isolated two independent Hex Ϫ/Ϫ ES cell clones with a homozygous disruption of the Hex gene in which exons 1 and 2 were deleted and replaced by the neomycin resistance gene ( Fig. 1 ) and then injected each of these Hex Ϫ/Ϫ clones into RAG1 Ϫ/Ϫ blastocysts. As controls, we generated chimeric mice with Hex ϩ/Ϫ ES cell clones as well as WT (Hex ϩ/ϩ ) JET ES cells that had not undergone gene targeting or G418 selection. We also used WT C57BL͞6J as an additional control. In all of the analyses that follow, similar results were obtained from Hex ϩ/ϩ ;RAG1 chimeras contained normal percentages of CD4 and CD8 T cell populations (Fig. 2) , indicating that T cell development was not affected in the absence of Hex. Fig. 2 , although lower than WT mice (Fig. 3) . This result indicates that the small number of B cells generated in the absence of Hex were capable of synthesizing IgM. The capacity of these B cells to synthesize IgM is consistent with other genetic mutations that result in decreased numbers of mature B cells such as BTK and PI3K, which also result in the presence of serum IgM although at reduced levels (14, 15) .
To evaluate antibody responses to T cell-independent antigens, mice were immunized with TNP-Ficoll, and serum levels of IgM anti-TNP and IgG 3 anti-TNP were assayed 7 days later. All of the mice tested, including the Hex mice. Nevertheless, these results indicate that Hex is not required for T cell-dependent Ig isotype switching.
Discussion
We have demonstrated a critical and unique role for the homeobox gene Hex in B cell development. In the absence of Hex, B cell development seems to be arrested at the pro-B cell (B220 The presence of decreased numbers of mature B cells, and absent T cell-independent Ig isotype switching with normal T cell-dependent immune responses suggests that the block in B cell development in the absence of Hex seems to occur at a later stage than in mice with homozygous disruption of Ikaros, E2A, or Pax 5 genes (16) (17) (18) (19) . However, the unique accumulation of B220 Ϫ CD19 ϩ cells in the absence of Hex indicates that Hex has a different role during B cell development than these transcription factors. Further study of Hex and its interaction with other transcription factors or signaling molecules that have been shown to be necessary for B cell development is likely to provide important new insight into B cell development and function.
The accumulation of a population of cells that are CD19 ϩ but B220 Ϫ in Hex Ϫ/Ϫ ;RAG1 Ϫ/Ϫ chimeras, especially in the bone marrow, is novel and may reflect an increased accumulation of a recently described cell population in adult bone marrow that contains bipotential B cell-macrophage progenitor cells (11) . It is also consistent with previous data suggesting a potential role for Hex in monocyte development (2) . The B220 Ϫ CD19 and in non-chimeric Hex ϩ/Ϫ mice is not due to strain difference, clonal variation due to ES cell selection in culture, or to some intrinsic inability of JET ES cells to give rise to normal lymphopoiesis in RAG1 Ϫ/Ϫ mice. Rather, these data indicate that the defect is due solely to mutation of the Hex gene and that haploinsufficiency at the Hex locus results in an abnormal phenotype. Abnormalities of lymphopoiesis in heterozygous mice have previously been reported with germ line mutations in the transcription factors E2A (18) and Pax5 (20, 21) . However, this is the only example of an abnormal phenotype associated with heterozygosity at the Hex locus. Neither of the previous reports of mutations of Hex demonstrated any discernible phenotype in Hex heterozygotes (1, 2) . It is certainly possible that there are other phenotypic abnormalities in Hex ϩ/Ϫ mice that have yet to be described.
In summary, mutation of the homeobox gene Hex results in a number of abnormalities of lymphopoiesis, including a severe reduction in the percentages of mature B cells, pre-B cells, and CD5 
